Retrograde signaling is a pathway of communication from mitochondria and plastids to the nucleus in the context of cell differentiation, development, and stress response. In Chlamydomonas reinhardtii, the tetrapyrroles magnesium-protoporphyrin IX and heme are only synthesized within the chloroplast, and they have been implicated in the retrograde control of nuclear gene expression in this unicellular green alga. Feeding the two tetrapyrroles to Chlamydomonas cultures was previously shown to transiently induce five nuclear genes, three of which encode the heat shock proteins HSP70A, HSP70B, and HSP70E. In contrast, controversial results exist on the possible role of magnesium-protoporphyrin IX in the repression of genes for lightharvesting proteins in higher plants, raising the question of how important this mode of regulation is. Here, we used genomewide transcriptional profiling to measure the global impact of these tetrapyrroles on gene regulation and the scope of the response. We identified almost 1,000 genes whose expression level changed transiently but significantly. Among them were only a few genes for photosynthetic proteins but several encoding enzymes of the tricarboxylic acid cycle, heme-binding proteins, stress-response proteins, as well as proteins involved in protein folding and degradation. More than 50% of the latter class of genes was also regulated by heat shock. The observed drastic fold changes at the RNA level did not correlate with similar changes in protein concentrations under the tested experimental conditions. Phylogenetic profiling revealed that genes of putative endosymbiontic origin are not overrepresented among the responding genes. This and the transient nature of changes in gene expression suggest a signaling role of both tetrapyrroles as secondary messengers for adaptive responses affecting the entire cell and not only organellar proteins.
The unicellular green alga Chlamydomonas reinhardtii is a widely used model organism to study the assembly and motility of eukaryotic cilia and flagella (Silflow and Lefebvre, 2001; Li et al., 2004) , light sensing and light responses (Lohr et al., 2005; Fö rster et al., 2006; Im et al., 2006) , and photosynthesis (de Vitry and Vallon, 1999; Grossman, 2000; Dent et al., 2005) , and it also has potential for the production of biofuels (Melis et al., 2007; Hemschemeier et al., 2009) . With the recent publication of its genome sequence (Merchant et al., 2007) , C. reinhardtii is becoming increasingly established as a photosynthetic model organism in systems biology (Boyle and Morgan, 2009; May et al., 2009; Rupprecht, 2009) .
Here, we measured the impact of feeding two tetrapyrroles, magnesium-protoporphyrin IX (MgProto), a chlorophyll biosynthesis intermediate, and heme, on changes in gene expression in a genome-wide study. The rationale for this approach is based on the fact that C. reinhardtii, like plants and all other eukaryotic algae, harbors three DNA-containing organelles. The nucleus, which is the major contributor of proteins targeted to chloroplasts and mitochondria, exerts tight control over gene expression in these organelles. In contrast, plastids and mitochondria acquired new properties during the course of evolution, such as the ability to import proteins and to generate retrograde signals, which in turn regulate the expression of nuclear genes. Retrograde control is considered vital for interorganellar coordination of gene expression. In a broader sense, retrograde signaling is a pathway of communication between mitochondria and plastids and the nucleus, both under physiologically normal and stress conditions and in the context of cell differentiation and development. Thus, evidence for retrograde signaling has been found from the simplest unicellular eukaryotes to higher plants and humans. As far as studied, some of the involved components are highly diverse across species, whereas others are more commonly found. Tetrapyrroles have been identified repeatedly to be involved in these signaling chains, such as in yeast acting through the hemeresponsive transcription factor Hap1p (for review, see Zhang and Hach, 1999) , and on genes of mitochondrial enzymes, such as those involved in the tricarboxylic acid cycle (for review, see Liu and Butow, 2006) .
C. reinhardtii has served as a model for retrograde signaling among photosynthetic eukaryotes, for which many findings have indicated the existence of at least one retrograde signaling pathway involving components of tetrapyrrole biosynthesis (for review, see Strand, 2004; Beck, 2005; Beck and Grimm, 2006; Nott et al., 2006; Woodson and Chory, 2008) . In all plants, the steps of tetrapyrrole biosynthesis up to protoporphyrinogen IX occur only within the chloroplast, but they are catalyzed by nucleus-encoded enzymes (Beale, 1999; Papenbrock and Grimm, 2001) . Although generally quite similar, the pathways for tetrapyrrole biosynthesis differ between vascular plants and C. reinhardtii. The genes encoding protoporphyrinogen IX oxidase and ferrochelatase are single copy in the C. reinhardtii genome; the corresponding proteins were localized to the chloroplast, suggesting that C. reinhardtii possesses only a single heme-synthesizing pathway located in this organelle (van Lis et al., 2005) . Tobacco (Nicotiana tabacum) was reported to have two genes for each of these enzymatic steps, allowing the parallel synthesis of heme in plastids and mitochondria (Lermontova et al., 1997) . However, earlier reports on the parallel synthesis of heme in both organelles of cucumber (Cucumis sativus; Suzuki et al., 2000) were not confirmed (Masuda et al., 2003) , suggesting that mitochondrial heme biosynthesis in some higher plants should be reconsidered.
Various hypotheses for tetrapyrrole-mediated signaling in C. reinhardtii and in plants have been presented (Kropat et al., 1997 (Kropat et al., , 2000 Chekounova et al., 2001; Beck and Grimm, 2006; Nott et al., 2006; Woodson and Chory, 2008) . Conflicts among some of these concepts may partially reflect the differences in the organisms analyzed, stages of development, genotypes, or growth conditions. In Arabidopsis (Arabidopsis thaliana) treated with the carotenoid synthesis inhibitor norflurazon, MgProto was assigned an essential role in the repression of Lhcb1 (Strand et al., 2003) . However, this interpretation was questioned when the reported accumulation of MgProto was not observed by others under the same conditions (Mochizuki et al., 2008; Moulin et al., 2008) . Reactive oxygen species or an altered redox state of the plastids were suggested as alternative plastid signaling factors controlling Lhcb1 expression in carotenoid-deficient plants exposed to light (Mochizuki et al., 2008; Kleine et al., 2009) . In contrast, Proto and MgProto were identified in the red alga Cyanidioschyzon merolae as an organelle-to-nucleus retrograde signal for the coordination of DNA replication in the different organelles, operating via the activation of an A-type cyclin-dependent kinase (Kobayashi et al., 2009 ).
In C. reinhardtii, a tetrapyrrole-derived signaling pathway was suggested based on the observation that feeding of MgProto, Mg-protoporphyrin IX methyl ester, or hemin induces a subset of five nuclear genes including HEMA (encoding glutamyl-tRNA reductase) and the chaperone genes HSP70A and HSP70B (for heat shock protein; Kropat et al., 1997) . Because this alga can metabolize an organic carbon source (acetate), enabling it to grow heterotrophically without light, the feeding experiments could be performed in the dark. As a result, the possible signaling role of reactive oxygen species, generated by photooxidation of tetrapyrroles, could be excluded. This same set of five genes is also induced by shifting cell cultures from dark to light (Kropat et al., 1997) . A transient, light-induced increase in MgProto and/or Mg-protoporphyrin IX methyl ester appears to be a prerequisite for the activation of these genes by light (Kropat et al., 2000) . However, because an accumulation of these tetrapyrroles in dark-grown cells did not activate gene expression, it was postulated that light is also required to make the plastid-produced tetrapyrroles accessible to the downstream signal transduction components in cytosol and nucleus (Kropat et al., 2000; Beck, 2005; Meinecke et al., 2010) . A hallmark of this regulation is the transient activation of genes after treatment with MgProto, hemin, or light, possibly caused by the shut-down of the signaling pathway upon continuous stimulation by tetrapyrroles (von Gromoff et al., 2008) . Detailed genetic experiments identified a plastid response element (PRE) within the promoter of the C. reinhardtii HSP70A gene that is induced by the feeding of MgProto or hemin and acts as an enhancer element that confers inducibility not only by tetrapyrroles but also by light (von Gromoff et al., 2006) . The latter finding, therefore, supports the hypothesis that MgProto, Mg-protoporphyrin IX methyl ester, and heme may function as second messengers in a light-signaling pathway that originates from the chloroplast.
The analysis of the C. reinhardtii genome sequence (Merchant et al., 2007) and the generation of an oligonucleotide array for the analysis of gene expression now permit us to measure the impact of hemin and MgProto feeding on changes in gene expression genome wide. Using this approach, almost 1,000 genes that changed their expression level significantly upon feeding of MgProto or hemin were identified here. We measured the heat shock response in comparison and found 3,989 responding genes, with an overlap of 499 genes also responding to the tetrapyrrole feeding. published version , but with improved physicochemical properties of the oligonucleotide probes and adapted to the Agilent platform (Supplemental Fig. S1 ). The tetrapyrrole feeding experiments were performed strictly in the dark to avoid photooxidative effects. Samples were taken after 0, 60, 120, and 180 min of incubation and processed for microarray hybridizations. The precultures from which the 16-h dark incubations were started had been kept in continuous light. Therefore, circadian rhythms had never been entrained and possible effects of diurnal rhythmic activities could be excluded.
Employing highly stringent criteria (fold change [FC] $ 4, P value of FC # 0.05 in at least one condition, normalized nonlogarithmic expression level $ 3), 982 individual probes revealed a distinct response of upor down-regulation to the feeding of MgProto, hemin, or both (Supplemental Table S1 ). This corresponds to 9.82% of all probes on the microarray and 21.61% of all probes exhibiting a normalized nonlogarithmic expression level of 3 or greater. The response of genes that have previously been shown to be induced by MgProto and hemin was verified also in the microarray (Table I) .
In Figure 1 , the time course of changes in mRNA levels observed upon feeding of MgProto or hemin is presented for all 982 genes. Nearly all of them displayed a transient up-or down-regulation. After MgProto feeding, a particularly steep rise or decline in transcript abundance (peaking at 60 min) was detected, followed by a steep change in transcript abundance in the opposite direction. The response to hemin for most probes occurred with a slight delay when compared with the response to MgProto; for the majority of genes, the peak change (either up or down) was seen in the 120-min sample. However, almost all these genes already showed some response after 60 min of hemin feeding, and some had a maximum response already at this time point. The controls, set up for an identical time course in the dark but without feeding of tetrapyrroles, revealed no significant changes in RNA levels (FC $ 1.5 for 0.5% or less of all genes) over the 3-h incubation period.
Hierarchical Clustering Reveals Groups of Genes with Distinct Regulatory Patterns
Hierarchical clustering of the expression data revealed the existence of two major and one minor regulatory groups (Fig. 2A) . The vast majority of genes appeared as coregulated in the same direction upon feeding of both MgProto and hemin. The largest number of genes (795) was up-regulated in response to feeding of either compound (group 1; Fig. 2B ). Group 2 encompassed a smaller group of 153 genes that were down-regulated by both MgProto and hemin. Antagonistic regulation (up in one treatment, down in the other) appeared to be rare. Group 3 consisted of a smaller number of only 34 genes, the majority of which were up-regulated by hemin and weakly down-regulated by MgProto (17 genes with FC , 4 upon MgProto feeding; Fig. 2B ). We did not find a single gene exhibiting a significant FC that showed down-regulation by hemin but up-regulation by MgProto. Table I . Microarray data for selected genes studied previously or chosen for verification by northern hybridization Shown are the identifier (ID) of the respective microarray probe, regulatory group (G), annotation, and FC after 60, 120, or 180 min of incubation, together with the respective P value of FC (averages of two biological replicates for hemin feeding at 60 and 180 min and at 120 and 180 min for MgProto and averages of four biological replicates at 120 min for hemin and at 60 min for MgProto). Eleven different genes were selected for the independent confirmation of the microarray data by northern-blot hybridization experiments (Fig. 3) . These included eight genes of group 1, one of group 2, and two of group 3. The eight group 1 genes encode a nucleoredoxin (NRX2), the thioredoxin-dependent peroxidase PRX6, the DUF760 superfamily protein CHLREDRAFT_144633 (conserved in unicellular green algae and plants), a hypothetical protein CHLREDRAFT_16526 (conserved in Oryza sativa and Arabidopsis), the hypothetical protein CHLRE-DRAFT_150826 (also annotated as TEF9; a conserved expressed protein present in thylakoid-enriched fractions; Allmer et al., 2006) , an isoleucyl-tRNA-synthetase, a putative cytochrome c oxidase assembly protein/Cu 2+ chaperone COX17, and the previously identified heat shock protein HSP70A. All eight examples for group 1 confirmed the expected pattern of accumulation. All except COX17 showed the peaks of mRNA abundance at 60 min after MgProto feeding and 120 min after hemin feeding, as expected according to microarray data ( Fig. 3 ; Table I ). COX17 showed the expected delayed response, and also the Ile-tRS mRNA continued to increase after hemin feeding, peaking at 180 min. Here, we included one more gene, which was annotated as putative plastid Glc phosphomutase isoenzyme (GPM1a). According to FC, it belongs to group 1, but it failed the stringency criterion (P value); however, the northern hybridization data supported the group 1-type regulation for GPM1a.
As an example for one of the down-regulated genes of group 2, we chose NOP56, encoding the nucleolar protein 56. Among eukaryotes, this highly conserved protein is part of a ribonucleoprotein complex whose other components are nucleolar proteins, fibrillarin, pre-rRNA, and C/D box snoRNPs. The mRNA concentration is clearly reduced at 60 min after MgProto and hemin feeding (Fig. 3) , as was expected from the microarray data (Table I) . However, at 120 and 180 min, an RNA band of somewhat higher M r can be observed in the hemin feeding experiment. The microarray probe did not detect this transcript, indicating either nonspecific cross-hybridization of the northernblot probe or the presence of an alternatively spliced mRNA. Indeed, multiple transcript variants have been described for NOP56 in other eukaryotes (Filippini et al., 2001) , and several different EST sequences also exist in the Chlamydomonas EST database. The Chlamydomonas NOP56 gene consists of at least nine exons; therefore, this band might correspond to an alternatively spliced mRNA that lacks the sequence homologous to the microarray probe.
For group 3 (expression up with hemin and down with MgProto), the genes for the cytochrome b 5 protein (CYB5) and for the mitochondrial citrate synthase (CIS1) were chosen (Fig. 3) . The CYB5 protein possesses a heme-binding domain and is widely conserved throughout the plant realm. According to microarray data (Table I) , these two chosen examples represent the two extremes within group 3: a rather weak up-regulation with hemin at 180 min and a reduction at 60 min upon MgProto feeding in the case of CIS1 mRNA. In contrast, a very strong response upon hemin feeding only was expected for the CYB5 mRNA, and this is what was found in the northernblot hybridization (Fig. 3) .
Two hybridizations served as controls. These were the group 1 gene for heat shock protein HSP70A as a positive control and CBLP encoding a Gb-like polypeptide (von Kampen et al., 1994) as a loading control (Fig. 3) . The HSP70A gene may be considered the archetypical gene for the activating regulatory effect of tetrapyrroles in Chlamydomonas (Kropat et al., 1997) , and it has been studied in great detail (von Gromoff et al., 2006) . Here, the microarray data suggested a peak in induction with an FC of +13 at 120 min after hemin feeding and of +12 at 60 min after MgProto feeding (Table I) . To summarize, the northern hybridizations confirmed the microarray data.
In higher plants, genes for the light-harvesting (LHC) protein family were previously identified as one of the major targets for signals emanating from plastids (Rapp and Mullet, 1991; Hess et al., 1994) . Because no member of this multigene family surfaced in our analyses, we specifically checked the microarray probes for LHC genes. The microarray contains probes against nine of a total of 22 members of the LHC gene family (Stauber et al., 2003) in Chlamydomonas (Supplemental Table S2 ). Except for the probe detecting LHCA7 mRNA, none of the probes revealed a significant FC with regard to time and treatment. In addition, the FC for LHCA7 mRNA ranged from 1.05 to 1.7, below the FC of 4 set as a minimum. To clarify this issue further, we chose LHCBM2 as a 10th representative of the LHC gene family. This gene, which was not represented on the microarray, revealed no or very minor effects of tetrapyrrole feeding on transcript levels when tested by northern-blot hybridization (Fig. 3 ). Next, we tested whether feeding of Proto, the common precursor of MgProto and hemin, may have a regulatory effect. This was not the case, because no changes in transcript accumulation upon Proto feeding were observed for the PRX6, CYB5, or CIS1 genes (Fig. 4) , which otherwise responded strongly to the feeding of MgProto and hemin (Fig. 3 ).
The Function of Genes Responding to Tetrapyrrole Feeding
Inspection of the annotation of genes regulated by the two tetrapyrroles revealed that nearly all functional groups of genes are represented (Supplemental Table S1 ). Selected functional classes of genes were screened manually (Fig. 5) . The number of genes assigned to various groups in this classification is partly biased toward well-annotated groups of proteins, as exemplified by flagella constituents (28 of 982). Another well-annotated group of proteins are those involved in photosynthesis and pigment biosynthesis. Here, the number of genes regulated by MgProto and hemin was low (17 of 982) and consisted entirely of genes encoding proteins peripheral to photosynthesis. This was documented by the striking absence of core photosystem and antenna protein genes (Supplemental Table S3 ), extending our findings on the lack of LHC genes among tetrapyrrole-regulated genes. Four genes of tetrapyrrole metabolism exhibited a change in expression after MgProto and hemin feeding. Two of these genes were up-regulated. These encode enzymes mediating early steps of tetrapyrrole metabolism, HEMA (glutamyl-tRNA reductase), and the uroporphyrinogen III synthase. In contrast, mRNA levels were lowered for two genes encoding the ChlI and ChlD subunits of Mg-chelatase (Supplemental Table S3 ). Another five up-regulated genes from this functional class encode enzymes of carotenoid biosynthesis. These enzymes are phytoene synthase, lycopene cyclases, b-carotene hydroxylase, and zeaxanthin epoxidase (npq2), indicating stimulation of the carotenoid biosynthesis pathway leading to zeaxanthin and violaxanthin, whereas a gene for a violaxanthin deepoxidase-related protein was downregulated (Supplemental Table S3 ). However, analysis of pigment contents did not reveal significant changes in chlorophyll-carotenoid ratios (Supplemental Table  S6 ). In addition, HPLC analysis showed conserved Figure 2 . Clusters of genes with similar changes in gene expression. A, Hierarchical clustering tree (squared Euclidean distances, Ward's linkage) based on expression profiles of heminor MgProto-treated cells. The color codes are as follows: yellow, RNA levels unchanged; red, RNA levels up-regulated; blue, RNA levels downregulated. B, Plot of maximal FC in gene expression observed after MgProto feeding versus that seen after hemin feeding. Grouping is based on hierarchical clustering (Manhattan distance, average linkage; performed using the hclust function in R). The pale symbols indicate genes for which only one treatment resulted in a significant (P # 0.05) FC. The circles indicate genes that were also analyzed by northern-blot hybridization (Fig. 3) .
carotenoid composition in treated and untreated samples (data not shown). The only protein with an association to PSII is a Psb28-like protein. In the cyanobacterium Synechocystis, a knockout mutant of its homolog exhibited accelerated turnover of the D1 protein, faster PSII repair, and a decrease in the cellular content of PSI (Dobáková et al., 2009) . Intriguingly, the mutant cells also contained a high level of Mg protoporphyrin IX methyl ester and released large quantities of Proto into the medium, providing a link to our observations here. Two of the other three photosynthesisassociated genes encode factors with well-established regulatory functions. The protein disulfide isomerase Rb60 controls psbA mRNA translation via the redoxregulated binding of chloroplast poly(A)-binding protein to the 5#-untranslated region Mayfield, 1997, 2002) . The thylakoid protein with the identifier 3115.C is involved in cyclic electron flux, possibly as part of a ferredoxin-dependent quinone reduction pathway. The knockout of its homolog pgr5 in Arabidopsis, a high-light-inducible gene, is deficient in nonphotochemical quenching and cyclic electron transport and shows increased PSI photoinhibition (DalCorso et al., 2008) .
The largest functional group comprises genes involved in protein folding and protein degradation (46 of 982; Supplemental Table S4 ). Of these genes, 41 showed up-regulation to both MgProto and hemin (group 1 genes) and one showed up-regulation under hemin but not MgProto (group 3). Among these 42 genes are several molecular chaperones, eight proteins of the ubiquitin system, nine constituents of the proteasome, several peptidases, as well as factors that alter protein structure. The only four down-regulated genes (group 2 genes) in this functional category all encode peptidyl-prolyl cis/trans-isomerases, two of which are predicted to enter the thylakoid lumen (Supplemental Table S4 ). Redox functions was another functional group that caught our attention (Fig. 5) because two of these genes (NRX2 and PRX6) exhibited a very strong (greater than 100-fold) induction in response to MgProto and hemin feeding (Table I; Fig.  3 ). The only down-regulated gene in this functional group encodes a putative ferredoxin.
Global Changes in the Transcriptome in Response to Heat Shock
The genes HSP70A and HSP70B have been previously established as being tetrapyrrole inducible Figure 3 . Verification of microarray data by northern-blot hybridization. Twelve genes representing the different regulatory groups 1 to 3 were selected, among them HSP70A as a positive control (Kropat et al., 1997; von Gromoff et al., 2008 ) for the effects of tetrapyrrole feeding. Two further hybridizations detected the mRNA of CBLP encoding a Gblike polypeptide (von Kampen et al., 1994) as a control for equal loading and the mRNA of the light-harvesting protein LHCBM2 as a typical photosynthetic polypeptide. ( Kropat et al., 1997 Kropat et al., , 2000 . Because both encode wellknown heat shock proteins, we performed a heat shock treatment by increasing the temperature from 23°C to 42°C for 45 min. Applying high-stringency criteria (FC $ 4, P value of FC # 0.05), 3,988 responding genes were identified, from which the vast majority is up-regulated (Supplemental Table S5 ). Among them are 28 typical heat shock genes (Table II) , including the chloroplast heat shock proteins 22A, 22B, and 22C (Ish-Shalom et al., 1990) , leading the list of topregulated genes at places one, three, and five, respectively (Supplemental Table S5 ).
Overlap in Genes Responding to Tetrapyrroles and Other Treatments and the Presence of Possible PREs
A comparison of the genes regulated by the tetrapyrroles and those affected by heat shock treatment revealed that 499 of the 982 genes responding to MgProto and/or hemin also are regulated by heat stress (Fig. 6) . Strikingly, 85% of these genes showed a response in the same direction (i.e. they were either up-or down-regulated by both the tetrapyrroles and heat treatment). Of the 519 genes that responded to a shift of the alga to anaerobic conditions (Mus et al., 2007) , 66 are also regulated by the tetrapyrroles (Fig.  6) . The vast majority of these genes (92%), all of which are up-regulated by anaerobic conditions, also exhibit elevated expression after MgProto and/or hemin feeding. We note that 58% of the genes responding to anaerobic conditions and the tetrapyrroles also are regulated by heat stress. Of the 167 genes whose expression was shown to be altered upon shifting algal cultures to conditions of hydrogen production (absence of sulfur in the medium and irradiation; Nguyen et al., 2008) , 16 are also regulated by the tetrapyrroles (Fig.  6) . All of these genes showed up-regulation under hydrogen-producing conditions and upon tetrapyrrole feeding. Here, too, 56% of the 16 genes responded upon application of heat shock. Since also 101 of 167 genes with changed expression under hydrogenproducing conditions overlapped with genes responding to heat shock, anaerobiosis, or tetrapyrrole feeding, we conclude that about 60% of the genes that are regulated by shifting cells to hydrogen-producing conditions belong to the group of stress-response genes (Fig. 6) .
The transient regulatory effects seen after the application of heat shock and other adaptive responses resemble those seen upon tetrapyrrole feeding, supporting the hypothesis that these compounds are intermediates in signaling pathways for an adaptive response. The underlying mechanisms for the transient response toward tetrapyrroles were previously elaborated while studying HSP70A expression. Upregulation of HSP70A after MgProto or hemin feeding is mediated by PREs, suggesting increases in transcription rate as an important source for the increase in mRNA concentration (von Gromoff et al., 2006 (von Gromoff et al., , 2008 . Therefore, we searched genome wide for PRE-like sequences. Among the genes for which northern blotting was performed, PREs were detected within the promoter regions of those genes activated by both MgProto and hemin (Fig. 7) and not group 2 and 3 genes. However, when scanning genome wide, PREs were also observed in the vicinity of promoters not responding to the tetrapyrroles, indicating that additional factors (e.g. the chromatin structure or other DNA-binding factors) are required for specificity. It is interesting that the PRE defined for the HSP70A promoter, (G/C)CGA(C/T)N(A/G)N15(T or A at one of the two following positions), has some similarity to the R-box, which is involved in retrograde signaling in yeast (Liu and Butow, 2006) .
Genes of Putative Endosymbiontic Origin Are Not Overrepresented among the Genes Responding to MgProto and/or Hemin
Because tetrapyrroles are most likely coming from the organelles, we considered the possibility that genes regulated by these molecules are enriched for genes encoding organelle-targeted or -associated proteins. Moreover, a connection between tetrapyrrole metabolism and the regulation of gene expression has recently been demonstrated in cyanobacteria, the evolutionary ancestors of chloroplasts (Osanai et al., 2009) . It was not possible to build sound conclusions on predictions of organellar targeting signals. In addition, it is known for many originally organellar proteins to have become redirected in the course of evolution (Kleine et al., 2009) . Therefore, we used phylogenetic profiling to find out whether genes of putative cyanobacterial or proteobacterial (progenitors of mitochondria) origin were overrepresented among the tetrapyrrole-responding genes. The likely phylogenetic origin of Chlamydomonas proteins responding to tetrapyrrole feeding was compared against the total proteome of Chlamydomonas (Fig. 8) . In total, 3,500 of the 8,667 proteins predicted (based on the association of array probes with gene models) exhibited reasonable similarity to at least one bacterial polypeptide sequence. Among the genes responding to tetrapyrrole feeding, 394 encode proteins with significant similarity to at least one bacterial protein. We found that genes of likely proteobacterial origin code for about one-third of the total and of the tetrapyrroleregulated proteome (Fig. 8) . Similarly, 20% of the total and 18% of the tetrapyrrole-regulated proteome are likely to be of cyanobacterial origin. Therefore, we conclude that genes of putative endosymbiontic origin are not overrepresented among the genes responding to MgProto and/or hemin.
DISCUSSION
Here, we show that MgProto and heme feeding in the unicellular green alga C. reinhardtii affects the expression of 982 genes (i.e. about 10% of the genes represented on the microarray), which covers about 87% of the transcriptome of this alga . The biological significance of the data is sup- ported by the following highly stringent biological and statistical criteria used for the selection of genes considered tetrapyrrole regulated: FC $ 4 and P # 0.05. In addition, we only included genes that showed nonlogarithmic expression levels of 3 or greater. In selected cases where mRNA levels were monitored both by microarray and northern-blot analysis, both data sets correlated with each other with respect to kinetics as well as the degree of change in mRNA concentration ( Fig. 3; Table I ). From the expression patterns, it is evident that both tetrapyrroles induce transient changes in mRNA concentrations (Fig. 1) . From the magnitude of the response, we conclude that MgProto and heme in Chlamydomonas control gene expression at the global level.
Which genes are regulated by the tetrapyrroles? Although not all of these genes have been annotated, it is clear that the regulated genes comprise representatives of nearly all aspects of cellular function. This indicates that MgProto and heme may induce global changes in the cell's proteome. One surprising and significant exception is the near absence of genes encoding components of the photosynthetic apparatus (Fig. 5) . Only six of the 982 genes encode proteins remotely involved in photosynthesis or the assembly/ regulation of the photosynthetic apparatus: Psb28, subunit 28 of PSII; the Rb60 protein CrPDI1, a protein disulfide isomerase that is part of a complex mediating the redox control of psbA mRNA translation; an N-methyl transferase similar to RMT2, and RMT2 itself, which is the methyl transferase catalyzing the methylation of the Rubisco small subunit prior to holoenzyme assembly (Supplemental Table S3 ); and homologs of Alb3 and Pgr5, involved in LHC protein integration into thylakoid membranes or in cyclic electron flow. No LHC genes, whose control by the chloroplast is considered a paradigm of retrograde regulation, showed a significant response upon feeding of MgProto and heme (Supplemental Table S2 ). However, six regulated genes encode proteins for carotenoid biosynthesis, indicating a specific effect of the tetrapyrroles on the metabolism of this pigment group, which functions as a radical scavenger. However, this modulation of transcript levels did not result in significant changes in carotenoid contents or chlorophyll-carotenoid ratios (Supplemental Table S6 ). The absence of an enhancement in carotenoid content might be due to an increase in the turnover of these pigments. In addition, it might be speculated that carotenoid biosynthesis is not only regulated by gene expression, as shown for Arabidopsis seedlings, where carotenoid content remained unaffected despite strongly increased phytoene synthase levels (Maass et al., 2009 ). Moreover, for several genes unrelated to carotenoid biosynthesis but for which antisera were available, we did not see changes in protein amount comparable to the changes in mRNA levels (Supplemental Fig. S2 ).
The frequency of other genes representing defined functional groups (Fig. 5 ) may just reflect the abun- . Sequence alignment and logo of PREs. A PRE defined in the promoter of HSP70A has also been discovered in the promoters of HSP70B, HSP70E, HEMA, and CGE1 (von Gromoff et al., 2006) . Putative PREs in the promoter regions of genes found to be up-regulated upon the feeding of MgProto and hemin (by northern blotting) were identified using a position specific scoring matrix. The maximum allowed distance was set to 1,000 nucleotides upstream from the start of the first protein-coding exon. Thus, the nucleotide in front of the first translated codon has position 21. The suffix "inv" with the gene name indicates inverse orientation of the PRE in relation to the gene. The sequence logo was created using WebLogo (Crooks et al., 2004) .
dance of these functional classes among the annotated genes of the Chlamydomonas genome. Thus, the rather large number of 28 genes encoding proteins associated with the flagella may simply mirror the fact that the proteome of this organelle with 652 proteins is well defined (Pazour et al., 2005; Boesger et al., 2009) , whereas other subproteomes have not received a similar degree of attention.
The largest group of regulated genes (46) encodes proteins involved in protein folding and protein degradation ( Fig. 5 ; Supplemental Table S4 ). Forty-two of these genes are up-regulated by the tetrapyrroles. Among them are genes encoding molecular chaperones, which indicates that our original discovery of HSP70A and HSP70B activation by MgProto and heme (Kropat et al., 1997; von Gromoff et al., 2008) actually identified lead members of a representative group of tetrapyrrole-regulated genes. The significance of this group of 46 genes was substantiated by the observation that 51% of the 982 tetrapyrrole-regulated genes also responded to the application of heat stress (Fig. 6) . Of these 499 genes, 85% showed the same type of response toward tetrapyrroles and heat shock (i.e. either up-regulation after heat and tetrapyrrole treatment or down-regulation after both treatments). Upon combining the two sets of data, we infer that the major group of genes regulated by tetrapyrroles has a function in proteome remodeling (i.e. the tetrapyrroles may serve as intracellular messengers that signal changes in the environment). Do MgProto and hemin intracellularly act as unmodified compounds? While no data exist on transport systems for tetrapyrroles in the plasma membrane, the hydrophobic nature of the compounds argues for their passive uptake by the cells. The generation of radicals by photooxidative processes was avoided by performing the feeding experiments in strict darkness. Previous evidence supports the view that the compounds may act directly in activating signaling toward the nucleus. Thus, protochlorophyllide, tetrapyrroles harboring metal atoms other than magnesium or iron (Kropat et al., 1997; von Gromoff et al., 2008) , and Proto (without a metal atom) were ineffective in gene regulation (Fig. 4) . These data suggest that receptors with high specificity are involved in the initial interaction with the ligands. However, we cannot rule out that some of the genes studied may, in addition, be regulated by tetrapyrroles other than the two tested.
The dominant regulatory groups 1 and 2, constituting 96.4% of the 982 genes, are regulated by both MgProto and heme feeding. Of these, the vast majority of 795 genes are up-regulated. Up-regulation by both tetrapyrroles has previously been studied with a small group of only five genes (von Gromoff et al., 2008 ), but we have discovered here also a second, smaller group of 153 genes that are down-regulated. In addition, we observed in group 3 genes that were almost exclusively activated by hemin (3.4%; Fig. 2) . A closer look at the data revealed that these genes frequently showed an additional very weak negative response to MgProto (Table I ). These observations suggest that the group 3 genes indeed follow a distinctively different mechanism compared with the group 1 and 2 genes. Comparison of the phylogenetic origin of Chlamydomonas proteins whose genes respond to tetrapyrrole feeding (inner ring) against the total proteome of Chlamydomonas (outer ring). This graph summarizes the individual best phylogenetic match of Chlamydomonas proteins within the domain bacteria. To be considered, a Chlamydomonas protein had to meet an E-value of 10 24 or less against at least one protein sequence among all bacterial proteins in the nonredundant set from GenBank. Only the best (minimum E-value) hits were counted. As a result, bacterial homologs for 394 different proteins (corresponding to 397 individual microarray probes) responding to tetrapyrrole feeding (inner ring) and for 3,500 proteins represented by probes on the array (outer ring) were identified. Taxonomy information is based on National Center for Biotechnology Information taxdb downloaded on February 4, 2010.
A common feature of the 982 genes is the kinetics of changes in mRNA concentrations observed upon feeding of the tetrapyrroles. Interestingly, the mRNA levels of all genes regulated by MgProto showed a sharp maximum or minimum 60 min after MgProto feeding, followed by a sharp drop or rise in the opposite direction (Fig. 1) . Such a transient change in mRNA levels was also observed after hemin feeding for nearly all genes, although individual genes may have maximal levels 60 or 120 min after feeding of the tetrapyrrole (Fig. 1) . The kinetics of down-regulation by hemin appeared to be more homogeneous; a minimum in mRNA levels was observed after 120 min. Here again, a trend to restore expression to levels prior to tetrapyrrole addition was observed. The transient changes in mRNA levels were dramatic for some genes ( Table I ). The amplitude of changes seen here is distinctly, up to 20 times, higher than that observed with genes studied previously, where maximal increases were about 15-fold (von Gromoff et al., 2008) .
What could be the physiological role of MgProtoand heme-induced changes in gene expression? We favor the hypothesis that the changes seen represent an adaptive response of the organism, here artificially induced by the addition of tetrapyrroles to the medium. Some arguments in favor of this hypothesis are as follows. (1) The induced changes in gene expression are transient. This resembles the response of cells to heat shock and other abiotic stresses. (2) The biggest group of regulated genes encodes proteins involved in protein degradation, modification of protein structure, and protein folding. (3) About 50% of the tetrapyrroleregulated genes changed their expression also after heat shock application. Of those, 84% showed regulation in the same direction.
MgProto and heme are unlikely to be encountered in the natural environment of the alga. Rather, they likely represent second messengers in one or several intracellular signaling pathways. These pathways, based on the synthesis of MgProto and heme within plastids (van Lis et al., 2005) , are assumed to originate from this organelle. However, in the case of heme, the mitochondria, which are recipients of plastid-derived heme, could also be envisioned as the site where a heme-based signaling pathway may originate.
What are the extrinsic cues that potentially activate tetrapyrrole-mediated signaling? Here, we need to differentiate between genes regulated by both tetrapyrroles in the same direction and those of group 3, which predominantly responded to only one of these compounds and in the opposite direction. One prominent candidate for such a cue is light. When the external environment changes from dark to light, the algae will adapt to the new physiological situation by shifting energy production from respiratory metabolism to photosynthesis and remodeling of the proteome. While light regulation of photosynthesis-related genes in Chlamydomonas is mainly mediated via the blue light receptor phototropin , the light regulation of genes involved in protein folding is mediated via MgProto (Kropat et al., 1997; von Gromoff et al., 2008) . Thus, the light-induced accumulation of chlorophyll precursors and light-dependent access of these chloroplast-synthesized compounds to cytosolic/nuclear factors have been shown to be prerequisites for the light-activated accumulation of HSP70A mRNA (Kropat et al., 1997; von Gromoff et al., 2008) . Additional support for a role of MgProto as a second messenger in the light activation of HSP70A came from the analysis of mutants in the PRE; light and MgProto induction were shown to be mediated via the same cis-acting sequence element (von Gromoff et al., 2006) .
No data are available for the physiological role of heme in a plant system. In Chlamydomonas, heme has been suggested to act as a second messenger in a light signaling pathway from the chloroplast, but only under pathological conditions (i.e. when MgProto synthesis is blocked and heme pools are elevated; von Gromoff et al., 2008) . Another possible source of heme is the mitochondria, which are known to become permeable after an apoptosis-inducing signal. This may result in the leakage of heme from this organelle to the cytosol and lead to the altered regulation of a subset of genes.
While we present evidence for a wider regulatory role of MgProto and heme in Chlamydomonas, the physiological significance of the alterations in gene expression needs to be elucidated further. Many of the affected proteins have already substantial intracellular levels under standard conditions and are stable. Once their expression becomes transiently induced (or repressed) at the mRNA level, the resulting changes occur on top of the existing numbers of molecules. Therefore, one question is to what extent the partially dramatic changes in RNA level correspond to changes in protein concentrations. We set up a time series in which protein samples were taken at 0, 120, 180, and 240 min after feeding MgProto or hemin. Following control hybridization with a riboprobe against HSP70A to verify the correct experimental conditions, we performed western-blot analyses with these samples using available antisera. The results showed minor effects at the polypeptide level for HSP70A, HSP70B, and HSP90A (Supplemental Fig. S2 ), and similar results were obtained for all other tested sera (BIP2 and CGE1; data not shown). However, taking the example of the HSP70B gene, this result actually matches previous observations. When analyzing the recovery of PSII from damages inflicted by highintensity irradiation, overexpressors and underexpressors of HSP70B were engineered and tested (Schroda et al., 1999) . In Figure 2 of that publication, it can be seen that dramatic effects at the mRNA level translated into minor changes at the protein level. In this case, it turned out that these minor changes in HSP70B levels did have a physiological effect.
Another point of consideration is that the extrinsic or potentially intrinsic cues that activate tetrapyrrole signaling pathways and the molecular makeup of these signaling pathways still need to be resolved. Our experiments were carried out strictly in the dark to avoid any photooxidative effect; however, light might be required for efficient translation of these mRNAs. Nevertheless, the discovery of genes whose expression is highly up-or down-regulated by tetrapyrroles will be of significant help to design further studies; the fusion of the respective control regions to reporter genes should, after reintroduction into the alga, permit detailed regulatory studies as well as provide the tools for setting up screens for the isolation of mutants. These mutants will be instrumental for the identification of the molecular components of the signaling pathways.
MATERIALS AND METHODS

Algal Strains and Culture Conditions
The Chlamydomonas reinhardtii wild-type strain CC-124 was obtained from the Chlamydomonas Culture Collection at the University of Minnesota. Strains were grown heterotrophically in Tris-acetate-phosphate medium (Harris, 1989) subdivided into 25-mL aliquots in 100-mL Erlenmeyer flasks, and incubation was continued in the dark for 16 h. At time 0, MgProto, hemin, or Proto (final concentration of 9 mM each) was added to the cultures in the dark, and incubation in the dark was continued for another 60, 120 or 180 min, until the cultures were harvested. The control cultures were mock treated the same way but did not receive the tetrapyrroles. Samples were taken at 0, 60, 120, and 180 min of incubation and labeled according to the respective treatment (control, MgProto, or hemin) and time of incubation.
Heat Shock
Cell cultures were grown as described above. For heat shock, a 20-mL culture with approximately 4 3 10 6 cells mL 21 in a 100-mL Erlenmeyer flask was incubated at 42°C for 45 min in the light with shaking. Control cultures were incubated in the light at 23°C (von Gromoff et al., 1989; Kropat et al., 2000) . To harvest the alga, cultures were chilled by pouring them onto crushed ice, centrifuged (5 min, 3,000g, 4°C), and resuspended in 1 mL of Tris-acetatephosphate medium.
Sources of Porphyrins
Hemin and Proto were purchased from Sigma-Aldrich. The MgProto was either obtained from Frontier Scientific or prepared as described previously (Kropat et al., 1997) and provided by U. Oster. The concentrations of MgProto and Proto were determined in ether by spectrophotometric measurements using millimolar extinction coefficients of 308 at 419 nm and 158 at 404 nm, respectively (Falk, 1964) . The concentration of hemin was determined in a solvent consisting of 66.5% ethanol, 17% acetic acid, and 16.5% water (v/v/v) using a millimolar extinction coefficient of 144 at 398 nm (Thomas and Weinstein, 1990) . For tests in vivo, tetrapyrroles were dissolved in dimethyl sulfoxide and used at a final concentration of 9 mM. The final dimethyl sulfoxide concentration in the culture medium in all cases was 0.25%.
RNA Gel-Blot Analyses
Total RNA was isolated at the times indicated from 25-mL cultures with a density of 2 to 4 3 10 6 cells mL 21 . The procedures employed for cell harvest, RNA extraction, RNA separation on agarose gels, and blotting were described previously (von Gromoff et al., 1989) , except that the nylon membranes used were Amersham Hybond-N (GE Healthcare Europe). Ten micrograms of total RNA was separated on 1.5% denaturing agarose gels, which were processed as described previously (von Gromoff et al., 2008).
Single-stranded RNA transcript probes for hybridization were made by fusing the promoter sequence for T7 RNA polymerase (5#-TAATACGACT-CACTATAGGGAGA-3#) to a specific oligonucleotide and performing PCR amplification of the templates. In the following list, the T7 promoter sequence is indicated by "T7" and the specific sequence part is identified by the respective microarray probe number or the sequence name and the annotation in parentheses: 399.Afw (COX17), 5#-GTCCGGTACATAATCGCGACCAT-CAA-3#; 399.Arv, 5#-T7-CAGCGATGCAGGTGTCCCGGA-3#; 1764.Cfw (hypothetical protein 16526), 5#-GGCCACGTTGCAGTACACCGG-3#; 1764.Crv, 5#-T7-GCCCACTGTGCGCTCATGCTC-3#; 1793.Cfw (CYB5 protein), 5#-ATA-CTTATGGATGGCGCAGTGGCG-3#; 1793.Crv, 5#-T7-AGACTCAAGTGATT-GCAATCATGCGC-3#; 2210.Cfw (PRX6), 5#-TCCTGGCTTCCGTCAAGG-TGGC-3#; 2210.Crv, 5#-T7-GGAGACCCCGCCGTGCTG-3#; 3931.Cfw (hypothetical protein 205586), 5#-CCTGGAGCTGTCTCAGCTGCAG-3#; 3931.Crv, 5#-T7-AGACCGCGCTCAAACCGATAATCC-3#; 4228.Crv (hypothetical protein 150826; TEF9), 5#-T7-ACCTCATAACCCTCTCATCATACATGCAC-3#; 4228.Cfw, 5#-GCCCGCTATGCAGAAGGGCGA-3#; 5116.Cfw (CIS1), 5#-GTAGGCAGCG-CATGCACGGTG-3#; 5116.Crv, 5#-T7-CCCAGGGCCGCCCATGCTA-3#; 7870. Dfw (DUF760 superfamily protein), 5#-GTTGAGTGGCGTCAGCACTGTGT-3#; 7870.Drv, 5#-T7-CCGAGCAGTAAGCTGCTCCGTC-3#; 9381.Efw (NRX2), 5#-AGAAGCTCGGTGGTGAGGGCG-3#; 9381.Erv, 5#-T7-AAGATTTGGCTAA-CGAGAGTACGTTGTTCA-3#; 2457.Cfw (isoleucyl-tRNA synthetase), 5#-TAG-CGGGCTGCGTGGCAGTGT-3#; 2457.Crv, 5#-T7-ACCGCTGGTATCCGGTTTC-CGG-3#; LHCBM2.fw, 5#-TGCTTGCCTCGAGGCCTTCTTGAC-3#; LHCBM2. rv, 5#-T7-CCGCGGGTTACCCCGCTTCAT-3#.
The resulting fragments were transcribed by T7 RNA polymerase to generate single-stranded RNA probes. The MAXIscript Kit (Ambion) was used to radiolabel the RNA probes with 9. Hybridizations were performed at a hybridization temperature of 75°C as described previously (Wegener and Beck, 1991) . After hybridization, the membranes were washed twice in 23 SSC for 5 min at 75°C, once in 23 SSC and 1% SDS for 30 min at 75°C, and once in 0.23 SSC for 30 min at room temperature. The RNA gel blots were screened by exposing the membranes to BAS-MP imaging plates (Fuji) and read in a phosphor imager (Bio-Rad Laboratories). For the quantitative determination of changes in mRNA abundance, the Quantity One 4.5.1 program from Bio-Rad was used.
Microarray Design, Hybridization, and Analysis
The array probes were taken from the design presented by Eberhard et al. (2006) . The 10,000 extracted probes were modified to fit within the limitations of the Agilent CustomArray technology and to achieve a more focused melting temperature value distribution (Supplemental Fig. S1 ). For each probe, the melting temperature was optimized to reach 80°C by shortening the sequence to a length of 45 to 60 bp, the maximum possible length for a probe on an Agilent CustomArray. The Agilent 8 3 15 CustomArray combines eight arrays, each offering space for 15,802 probes; thus, we duplicated 5,802 of the 10,000 probes to fill the array (additional internal technical replicate).
The RNA concentration was determined using a UV-visible light spectrophotometer NanoDrop ND-1000 (NanoDrop Technologies). RNA integrity and quality were then estimated on an Agilent 2100 Bioanalyzer (Agilent Technologies). The RNA integrity number index was calculated for each sample using Agilent 2100 Expert software. For the hybridization of microarrays, 0.5 mg of total RNA was reverse transcribed into cDNA and labeled with Cy3 using the one-color Quick Amp Labeling Kit (Agilent). Hybridization was performed with 0.6 mg of labeled cDNA per array at a temperature of 65°C overnight, according to the Agilent protocol for 8 3 15k single-color microarrays.
Each test condition was hybridized at least as a biological duplicate (plus the 5,802 probes serving as an additional internal technical replicate). The treatments hemin 120, MgProto 60, and their corresponding controls were hybridized in biological quadruplicate. Similarly, heat shock treatment and its controls were analyzed in four biological replicates. An Agilent G2565CA DNA microarray scanner was used to scan the arrays at a resolution of 5 mm. The Feature Extraction Software 9.5.3.1 was then used to process and analyze array images. The software returns a series of spot quality measures to evaluate the quality and reliability of spot intensity estimates. The raw data were analyzed using GeneSpring GX 10.0 (normalization, shift to 75.0 per- centile; baseline transformation, median of all samples). The normalized data were filtered to exclude probes flagged "absent" in all samples. The remaining probes (9,658 in the tetrapyrrole experiment) were tested for statistical significance of expression using a two-way ANOVA (t test for the heat shock experiment) with an asymptotic P value computation and a P value cutoff of 0.05. Multiple testing correction was performed according to Benjamini and Hochberg (1995) . For the feeding experiment, probes with normalized expression #log 2 (3) in all samples were excluded. The FCs of the probes for the different pairs of experiments and controls were computed and filtered on volcano plots; they required an FC $ 4.0 and P # 0.05. The microarray data have been deposited in the Gene Expression Omnibus database under accession number GSE20861.
Protein Extraction and Immunoblot Analyses
For the extraction of total proteins, their separation by SDS-PAGE, and western blotting, we followed published procedures (Meinecke et al., 2010) . Polyclonal antisera were against HSP70A (kindly provided by J. Rosenbaum at Yale University), HSP70B (Schroda et al., 1999) , CGE1, and HSP90A. Antisera directed against the b-subunit of plastidic ATP synthase (CF1) were kindly provided by O. Vallon (Institut de Biologie Physico-Chimique).
Pigment Extraction and Determination
Treated cultures were harvested at 0, 120, 180, and 240 min of incubation and immediately frozen at -80°C. Frozen cells were extracted using acetone, and contents of carotenoids and chlorophylls were measured using a UV-2501PC spectrophotometer (Shimadzu) and determined according to Lichtentaler and Buschmann (2001) . For analyses of carotenoid composition, the extracts were subjected to HPLC analyses according to Hoa et al. (2003) .
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